The German Network for Bioinformatics Infrastructure (de
handle and analyze biological big data more effectively by applying tools, standards and compute services provided by de.NBI. Since 2015, more than 250 training courses were carried out with more than 5,200 participants and these courses received recommendation rates of almost 90% (status as of October 2019). In addition to face-to-face training courses, online training was introduced on the de.NBI website in 2016 and guidelines for the preparation of e-learning material were established in 2018. In 2016, ELIXIR-DE joined the ELIXIR training platform. Here, the de.NBI / ELIXIR-DE training platform collaborates with ELIXIR in training activities, advertising training courses via TeSS and discussions on the exchange of data for training events essential for quality assessment on both the technical and administrative levels. The de.NBI training program trained thousands of scientists from Germany and beyond in many different areas of bioinformatics. 
Introduction
In the last decade, researchers in the life sciences have been early victims of the 'Big Data Problem' because of technical improvements in the so-called 'omics' and image analysis fields including the challenges of the five 'V's of big data: volume, veracity, velocity, variety, and value 1 . Here, large and complex datasets are rapidly generated to analyze various biological levels in living cells per day. Even small benchtop sequencing machines are now capable of producing terabytes of data, but many life scientists neither possess the skills to analyze the data properly nor the knowledge to use existing analysis resources. Therefore, the true bottleneck of the current 'Big Data Problem' in the life sciences is often not the storage or compute power, but the knowledge and skills how to use existing bioinformatics services and tools. An important way to solve these deficiencies in the field of life sciences is by means of bioinformatics training. The need for such training was described recently: The majority (> 95%) of life scientists located in Europe work or plan to work with large datasets, but less than 35% possess the bioinformatics and statistical skills to handle the huge amount of generated data 2 .
In 2012, the German Bioeconomy Council published the recommendations 'Requirements for a Bioinformatics Infrastructure in Germany for future Research with bioeconomic Relevance', coming to the conclusion that expertise centers in Germany should have permanent structures for training users from life sciences 3 .
Accordingly, the German Network for Bioinformatics Infrastructure (de.NBI) program was launched by the Federal Ministry of Education and Research (BMBF) in March 2015, and it now includes 40 projects that are operated by 30 research institutes organized in eight service centers 3 . de.NBI offers a large repertoire of high-quality training courses to support life scientists with different expertise levels in bioinformatics and from various research fields. These training activities of de.NBI are focused on teaching life scientists in Germany and Europe the proper handling and analysis of their biological big data more effectively by applying tools, standards and compute services provided by the service centers. Therefore, de.NBI trainers work together and within different existing German and European (training) communities, e.g. the Galaxy Training Network 2 , The Carpentries 4 , FAIRDOM 5 etc., to connect de.NBI to researchers and to the most important topics in the life sciences community ( Figure 1 ). These topics were introduced in the de.NBI training activities, which range from basic skills to advanced data analysis and expert hackathons including 1-14 day training courses, webinars, mentoring, online training and one- week summer schools 3 .
The special interest group 3 (SIG 3) 'Training & Education' is centrally coordinating these training courses and the education efforts within the network. It is composed of training experts from each service center. SIG 3 collects all planned de.NBI training activities and provides a structured process of reporting, documenting, and monitoring all training events. The general goal of de.NBI is to develop a national bioinformatics training program for Germany.
The following topics are currently in the focus of SIG 3:
• Improvement of the quantity and quality of training courses.
• Introduction of online training/e-learning courses/ platforms.
• Standardization of training course monitoring.
• Integration into the ELIXIR training platform and TeSS.
• Coordination of training events and standards with ELIXIR.
The strategic planning of SIG 3 includes following aspects:
• Closing of gaps in the topics covered by the training courses.
• Improvement of the quantity and quality of e-learning material.
• Qualification of more trainers.
The training activities of each de.NBI service center are described in the following sections. 
Bioinformatics training in

Training on specialized bioinformatics topics.
In addition to offering general training courses, the HD-HuB service center offers specialized courses as per demand from the researchers with different research backgrounds. These so far include courses on protein bioinformatics, bioimage analysis, DNA methylation, experimental data analysis and RNA-Seq and Bisulfite sequencing data analysis in cancer research.
Courses for advanced computational biologists.
To support computational needs of advanced learners in our community we offer hands-on training on data analysis skills such as machine learning, workflow management, cloud computing and statistics. These workshops also provide an opportunity for peer-based learning by bringing scientists with similar research interests together who can potentially collaborate with each other in the future. , all partners work on different cloud-based applications such as tailor-made images for specific bioinformatics analysis (Metagenomics, Nanopore sequencing, ASA3P
21
) that also play a key role in many of the workshops provided.
Training and outreach activities. Researchers who are interested in the analysis of genomic, metagenomic or postgenomic data or who want to get familiar with the use of the de.NBI Cloud 19, 20 are welcome to join one of the workshops offered by BiGi. . Aim of this workshop is to give answers to typical questions in omics data analyses, e.g. regarding data normalization strategies and handling of missing values, the detection of groups of transcripts, proteins and/or metabolites with similar patterns of expression/abundance using cluster analyses, the visualization of multiomics data in the context of metabolic pathways, or the identification of differentially regulated transcripts, proteins, and metabolites.
Training on metaproteomics tools. A workshop on
the MetaProteomeAnalyzer 18 , also including a wet-lab part in some courses, is provided at least once a year in Magdeburg. The learning goal is to apply a complete workflow starting from design of experiments via sample preparation to measurement and bioinformatics analysis of high-resolution mass spectrometry (MS) data.
6. Introduction to the de.NBI Cloud. There are basic courses on the use of the de.NBI Cloud 19, 20 , which are offered in Bielefeld and Gießen or also as dedicated workshops on scientific conferences. In these courses, participants learn to setup a research project on the de.NBI Cloud, to work with virtual instances, to efficiently utilize cloud computing resources, about networking and security issues and means of deploying bioinformatics tools in the cloud. for combined scoring of proteins from multiple search engines to enable automated high-throughput processing of large-scale proteomics data from clinical and general life sciences contexts.
The LIFS partner project mainly works on bioinformatics for targeted and comparative lipidomics with applications in cardiovascular and platelet-related disease characterization including lipid identification and discovery 28 . A further focus is placed on lipidomics data standardization and the establishing of a lipid-centric repository for high-resolution mass spectrometry data. LIFS develops and maintains the tools LipidXplorer 29 for shotgun and LipidCreator for LC-MS lipidomics, as well as LipidCompass as a quantitative reference database for tissue and organism-specific lipidomes, and LUX Score 30 for comparative visualization of lipidomes based on their shared lipid structural space.
Training and outreach activities. BioInfra.Prot offers courses mainly focused on mass-spectrometric data analysis and integration in proteomics and lipidomics. Therefore, the courses are mainly aimed either at researchers coming from life or analytical science and working with mass spectrometry data, who want to learn the basic tools and workflows of data preprocessing, statistical analysis and integration, or at bioinformaticians, who want to extend their knowledge on available tools and workflows in these areas. Research focus. CIBI delivers cutting-edge software solutions covering a large domain in the field of computational biology, biomedicine and bioimaging as well as their integration into the workflow system KNIME Analytics platform 33 to enable data-driven innovations and achievements in these fields. Concrete, the service center develops state-of-the-art and strongly competitive tools in the fields of proteomics and metabolomics, genomics, image processing, data mining and workflow integration, with the goal of reducing time and cost expenses for various bioinformatics and biomedical data analysis tasks.
In the following section, a general overview of the key components of each project is shown:
1. OpenMS 31 and MetFrag 34 provide essential tools for mass spectrometry data analysis, the key technology in proteomics and metabolomics. In addition, OpenMS offers a software library, which makes the efficient algorithms and data structures available for the broad community.
SeqAn
32 provides various applications for alignments, read mapping and error correction, variant detection, local alignment of genomic and proteomic data and metagenomics. The additional software library implements state of the art algorithms and data structures with parallelization and vectorization support, giving bioinformaticians all the resources they need to write modern and scalable software applications. 
KNIME Analytics Platform is an open source work-
flow-based data analysis platform with a strong focus on data mining in many areas of research and commerce. Its role as the tool of choice for bioinformatic and biomedical data exploration has been strengthened through the tight integration of the OpenMS, SeqAn and DAIS tools, and thus enables a large community to effectively perform and evaluate life science data analysis on a cross-domain level.
Training and outreach activities. Within CIBI, a broad spectrum of training activities is offered to cover on the one hand the large domain the service center is actively contributing to and secondly to offer distinct training events for different target groups, such as data scientists dealing with big omics-data or application developers and bioinformaticians developing new tools using our resourceful libraries.
1. Training on mass spectrometry data. CIBI offers various courses to introduce mass spectrometry data analysis with a focus on proteomics and metabolomics. In these workshops, concepts such as non-targeted label-free analysis are taught and users learn how to implement complex analysis workflows based on OpenMS tools with subsequent visualisation of the results based on real-life data. In addition to quantification analysis, metabolite identification with MetFrag and MetFamily are taught on several events. The target audience are mainly beginners and intermediate users of proteomics and metabolomics that want to learn how to efficiently process their mass spectrometry data.
2. Training on sequencing data. Another major field in which CIBI offers various training activities relates to sequencing data analysis. Training courses are focused on two user groups. The first are bioinformaticians developing new tools. In dedicated hands-on sessions on the annual user meeting, bioinformaticians are taught how to use the SeqAn software library to write new competitive tools using state-of-the-art algorithms and data structures. The offered trainings mostly focus on beginners but require an intermediate degree of programming knowledge. Knowledge in C++ is helpful but not required. For advanced SeqAn users, we host an annual developer meeting where we tackle specific problems of the participants and add new components to the library. The second target group are data scientists. In these courses, data scientists explore typical analysis pipelines using SeqAn and external tools integrated into the KNIME analytics platform.
3. Training on bioimage data. Annual hands-on courses introduce participants to develop within and for the Fiji, ImageJ2, and KNIME ecosystems. In addition, CIBI offers a deep learning course especially for image-based problems.
4. Training on workflows and tool integration. CIBI organizes life science workshops on the KNIME Spring Summit and teaches the integration of our tools in KNIME to produce strong and efficient multi-omics pipelines on various meetings (either on international conferences or on joint user meetings). Hence, many of the CIBI events are accompanied with experts in KNIME and users are always welcome to bring their own data so CIBI experts can develop an efficient solution for their problem at hand.
5. Training on conferences. CIBI offers one-day workshops on international conferences, where the CIBI members can get in touch with life scientists around the world and discuss the topical research subjects and how to tackle them with our software portfolios.
6. Online training. CIBI made most of the training materials available online as self-paced training. These include written tutorials and videos with many practical tips and examples. The materials are intended for selfregulated learning to study and explore the capabilities of our software and tools in a comfortable way. The target audience of these materials ranges from novices to advanced users.
Hackathons and developer meetings.
For all projects and topics, CIBI offers annual hackathons and developer meetings. During these meetings, specific problems and future directions of our software are discussed and implementation of feature requests are tackled together with the community.
RNA Bioinformatics Center (RBC)
The . The second partner project de.NBI-epi is located in Berlin and in Freiburg and is focusing on Computational Epigenetics. The mission of the RBC is to support all RNA-related research within de.NBI, Germany, Europe and beyond. One important aspect is the integration of RNA-related data with other types of data such as transcriptome or epigenetic data. For that reason, RBC developed the RNA workbench, which allows the analysis of RNA-related data in an integrated form.
To achieve its mission, the center provides training and tools for life science researchers, with a special focus on RNA and the analysis of high-throughput data. It maintains and develops the largest Galaxy instance in Europe with more than 9000 users, responsible for more than 6 million submitted jobs. The Galaxy server is freely open to all researchers via useGalaxy.eu. RBC maintains an integrated, easily accessible RNA analysis workbench 43 , based on Galaxy, which can be downloaded and installed locally, or deployed on HPC-like environments or clouds. It includes more than 50 RNA tools, multiple workflows, interactive tours and training data.
Training and outreach activities. With its wider focus on the analysis of high-throughput data in Galaxy, an important goal of the RBC is to support researchers by educating them in big data analysis, programming, data management, Galaxy server administration and more. The RBC members believe that sharing of knowledge and the open science movement are the key points for the future success in the analysis of life science data. For that reason, the RBC and its partner projects provide training events covering diverse topics (data analysis, programming, tool development, containers, etc.) and targeting a diverse audience at different levels of experience (scientists, developers, administrators, trainers -from beginners to experts).
Training on HTS and RNA-related data. For example, RBC-Freiburg is offering a full-week hands-on HTS data analysis workshop in Freiburg twice per year:
Introduction to Galaxy and HTS, RNA-Seq, ChIP-Seq, Exome-Seq, MethylC-Seq, etc. Similar courses are also available at the RBC-Berlin site. Many other training workshops are also given in collaboration with other de.NBI centers and ELIXIR, not only in Germany and Europe but also around the world.
Galaxy Training Network (GTN).
As face-to-face workshops do not fit to the scale of demand, the RBC has put a lot of effort into developing and offering online training material. RBC-Freiburg is a major contributor to the community-driven development of Galaxy training material 2 . . As such, GCBN is also involved in plant phenotype standardization together with the EMBL-EBI and all GCBN partners are involved in the ELIXIR plant community activities.
Training and outreach activities. Together with other de.NBI partners, GCBN organizes different training courses. GCBN consults and provides help to users from plant sciences and breeding companies. Given the expertise within GCBN, the main focus is on large scale data processing in the plant sciences, focusing on plant omics data such as metabolomics and transcriptomics data, genome assemblies and annotation, plant phenotyping data and the interaction between the plant genome(s) and the resulting phenotype. 52 and ProteinsPlus. BioData provides highly curated reference datasets and related services for users in academia and industry. The BioData service center facilitates access to services for ribosomal RNA genes (SILVA), georeferenced data from earth system and environmental research (PAN-GAEA), detailed strain-linked information on the different aspects of bacterial and archaeal biodiversity (BacDive), comprehensive information on all aspects of enzyme functions (BRENDA), as well as easily accessible protein structure data (ProteinsPlus). SILVA and BRENDA have been identified as ELIXIR Core Data Resources underlining their fundamental importance to the wider life-science community and the long-term preservation of biological data in Europe and beyond 53, 54 .
Training and outreach activities. The BioData service center concentrates on data products as well as on research and services. It is well known for its reference databases for taxonomy, phylogeny, biotechnology, biochemistry, pharmacy, medicine, quality control, diagnostics, environmental and biodiversity research. BioData provides analysis services for enzyme structures and functions, classification of next-generation sequencing data. In addition, BioData is highly active in data mobilization and publishing as well as research data management following the FAIR 55 (Findable, Accessible, Interoperable, Reusable) data principles. Therefore, the targeted audience are researchers in the life-or medical sciences, who like to use data and data products as references in their research or applications and/or manage and publish their data in the spirit of science 2.0 aka open-science.
Training on FAIR data. The BioData training courses
include the topic 'FAIR data', especially within the de.NBI summer school 2018. Here, the courses raise awareness for the importance of proper research data management in general, but also provide a practical toolbox for the acquisition, curation, documentation, archiving and publication of research data following the FAIR data principles. Furthermore, practical training on accessing the data for re-use and integration are part of their training courses.
Training on databases.
The BioData service center bundles large databases and provides the corresponding training courses for these databases. For instance, in the training course on the rDNA reference database SILVA, in addition, all necessary steps researchers need to take when performing amplicon-based investigations using the rDNA as a marker gene are explained. The course starts with experimental design, including an overview of relevant sequencing technologies, and the selection, design, and evaluation of primers for the amplification of rDNA. It provides examples and best practice solutions for data pre-processing and quality assurance up to the contextualized submission of the NGS data to public repositories. It provides a framework for statistical analysis of the data including a short Linux and R crash course. In addition, this course also combines an introduction to the BacDive database (Bacterial Diversity Metadatabase) as a tool for further data integration to better understand the biology of sequences/organisms analyzed. Research focus. The data management part of de.NBI-SysBio has the mission to serve customers with standardized highquality scientific data and data services. The data management system "SEEK for Science" has been developed by the transnational FAIRDOM project 5 as a sharing space for projects fitted to the needs of systems and synthetic biology as well as systems medicine. Research partners can easily upload, enrich and exchange all kinds of data types, models, simulations and processes arising in an interdisciplinary project and at the same time make them FAIR (Findable, Accessible, Interoperable, Reusable). The database SABIO-RK provides structured, standardized and annotated kinetic data with a focus on supporting the computational modelling community to create models of biochemical reaction networks as well as on allowing experimentalists to gain further knowledge about enzymatic activities and reaction properties. The data coming mainly from literature are expertcurated and can be easily exported for direct use, e.g. in modeling tools like COPASI 54 to run simulations. . CellNetAnalyzer (CNA) is a MATLAB toolbox serving a graphical user interface and various computational methods and algorithms for exploring structural and functional properties of metabolic, signaling, and regulatory networks. The software includes numerous methods and algorithms from stoichiometric and constraint-based modeling (e.g. metabolic flux analysis, flux balance analysis (FBA), flux variability analysis, elementary-modes and pathway analysis, network and strain design). COPASI is a widely used software tool for creating, simulating and analysing models of biochemical reaction networks. It is open source free software and available for all major operating systems. Its features include deterministic and stochastic simulation, steady state analysis, stoichiometric analysis, optimisation and parameter estimation, time scale analysis, sensitivities and metabolic control analysis, Lyapunov exponents and linear noise approximation.
Training and outreach activities. The de.NBI-SysBio training courses, workshops and tutorials are suitable for beginners as well as for advanced users. For instance, the three-days training course 'Tools for systems biology modeling and data exchange: COPASI, CellNetAnalyzer, SABIO-RK, SEEK' with extensive hands-on sessions annually takes place alternately in Heidelberg or Magdeburg. Additionally, online tutorials are offered to introduce the main tools (e.g. FAIRDOMHub 5 , SABIO-RK 58 , COPASI 56 , CellNetAnalyzer 57 ).
As regular international outreach activities de.NBI-SysBio is involved in the organization of satellites of the annual ICSB conference (International Conference on Systems Biology) with the 'COMBINE Tutorial -Modelling and Simulation Tools in Systems Biology" and "Advanced Modeling with COPASI'.
1. Training on data management and FAIR data. de.NBI-SysBio was involved in organization of the de.NBI summer school on FAIR data and data management in 2018. The data management training courses are open to everyone interested in producing FAIR data in project driven scientific research. de.NBI-SysBio offers special training courses for experimentalists or for modelers but also more general workshops and tutorials with breakout sessions to delve into the topic from a modeler's, experimentalist's or developer's point of view (e.g. annual Systems Biology Developers Foundry).
Furthermore, de.NBI-SysBio offers on demand visits to support customers in installing their projects or local SEEK instance.
Training on modeling.
The trainings for the modeling tools CellNetAnalyzer and COPASI offered by de.NBIModSim aim at modelers or those who want to become one. Attendees learn basic model construction and analysis techniques for kinetic modeling of biochemical systems (illustrated and exercised with COPASI) and principles of stoichiometric and constraint-based modeling of metabolic networks (coupled with hands-on exercises using CellNetAnalyzer).
de.NBI Cloud-based training
In order to perform analysis on datasets available in the life sciences, an appropriate compute infrastructure is necessary. The de.NBI Cloud was created to fill this gap and offers storage and compute resources for researchers in life science in Germany. Through a cloud federation setup, the six cloud sites including Bielefeld, Gießen, Freiburg, Heidelberg, Berlin and Tübingen (Figure 2 ) are integrated into a single cloud platform and offer more than 15,000 cores and 38 PB of storage capacity in total. A single sign-on (SSO) mechanism enables the user to access any de.NBI Cloud service via their home institution account using the ELIXIR authentication and authorization infrastructure system (ELIXIR AAI) and in particular Perun, the identity and access management system of ELIXIR 19 .
Technical aspects
Currently, the de.NBI Cloud offers the project types SimpleVM and OpenStack 19 . Both project types are using virtual machines (VM) where a VM is an emulation of an operating system and represents one of the main building blocks of the cloud. OpenStack is an Infrastructure as a Service (IAAS) system that allows a developer to configure any computational resources like networking, storage and VM settings for running largescale analyses or offering of a web service in the cloud for other researchers. SimpleVM is a beginner friendly project type that streamlines the handling of VMs and does not demand any particular knowledge in Cloud Computing. While OpenStack is suitable for training in the context of Big Data like running workflows for metagenome analysis, the SimpleVM project type can be used for command line, Linux or any other trainings where running tools on one virtual machine is sufficient.
Application process and getting started
The procedure for applying, using and accessing computational resources for a de.NBI Cloud training course is the following. First, a principal investigator (PI) of a German university or research institution must apply for a project through the de.NBI Cloud portal. As soon as the access committee approves the application, the PI can add the actual trainer and set him as an administrator of the project. The trainer first starts a VM by choosing an appropriate Linux system, e.g. Ubuntu or CentOS, and then installs any software needed by the course participants. Once the trainer has installed the required software, the VM can be snapshotted and made accessible to all course participants. At the beginning of the training course, the PI adds further course participants, who can use exactly the same tools based on the initial VM created by the trainer. Finally, the trainer and the participants can directly start with the actual course.
Training activities
Since the beginning of 2018, the de.NBI Cloud is in production and multiple workshops, tutorials and even a user meeting have been organized. The given workshops range from research related topics like Nanopore workshops to more cloud computing related topics. sequencing data and runs the two corresponding hybrid workshops. As part of the Mozilla Open Leader program and in collaboration with the ELIXIR Training Platform, SIG 3 is also building a mentoring program on open science for early life-scientists in Europe. With the involvement in the e-learning working group, the e-learning support for bioinformatics in Germany will be improved by integrating different methods and other implementations studies within ELIXIR.
Future plans and conclusion
To show the success of the de.NBI training program for Germany, the progress in different types of training / education activities as well as the performance has to be summarized. Tool-and topic-specific training was also extended in the last few years ( Figure 3 In addition to face-to-face training, online training was introduced on the de.NBI website in 2016. Further, online hackathons for different software packages were established by the service center RBC in 2016. In 2018, the repertoire of online material was increased to 38 items and guidelines for online training were developed by SIG 3. In 2019, further online material will be provided by the different service centers to reach about 50 items -and thus a larger audience that cannot be covered by the training courses alone.
To sum up the effort of the de.NBI / ELIXIR-DE training platform: Since 2015, de.NBI service centers, the de.NBI Administration Office and SIG 3 worked very successfully together to establish, coordinate and expand bioinformatics training courses across Germany and in ELIXIR. In total, more than 4800 participants (Status July 2019) were trained in different bioinformatics disciplines to tackle the challenges of the five Vs of the big data problem.
Nevertheless, training still has a high priority for de.NBI / ELIXIR-DE and significant future efforts will be put into the creation of more e-learning material, the recruitment of new external de.NBI training partners and the qualification of trainers to keep pushing training activities forward and to continue participating in the ELIXIR training platform.
Data availability
No data are associated with this article. 
Roland Krause
Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Esch-sur-Alzette, Luxembourg
The review of the training activities in the de.NBI network focuses on the description of the courses delivered as well as the contributing centers. Partially owing to the complex set-up of the centers it is a bit short on evaluation of what has worked and what was learned in the process. Including more experiences -courses that were not oversubscribed and those that were would improve the manuscript significantly. I cannot believe that no other lessons were learned after delivering ~200 courses. The discussion of lessons learned is vary valuable to course providers in other infrastructures (such as me). I acknowledge that such critical reviews might not find universal support across the many people involved in the training activities in de.NBI.
The structure of the overview can be improved by shortening the sections devoted to the individual centers and instead discussing items that are taught across all centers, such as basic statistics courses.
The contribution from the individual centers are too long and frequently include vague or obvious statements (existence of an HPC facility, the online announcement of course and requirements). A stronger editing mandate would be advised.
Software developed in a particular center for which training is provided should only be mentioned in the section that discusses the training. There is not usually need to repeat them multiple times in the text.
Figures: Figure 1 . The composition of the individual centers by cities is difficult even for someone acquainted with the geography of Germany. There is space to include the names of the centers, which could then receive less coverage in the text. 
